In acute liver failure (ALF), the hyperdynamic circulation is believed to be the result of overproduction of nitric oxide (NO) in the splanchnic circulation. However, it has been suggested that arginine concentrations (the substrate for NO) are believed to be decreased, limiting substrate availability for NO production. To characterize the metabolic fate of arginine in early-phase ALF, we systematically assessed its interorgan transport and metabolism and measured the endogenous NO synthase inhibitor asymmetric dimethylarginine (ADMA) in a porcine model of ALF. Female adult pigs (23-30 kg) were randomized to sham (N ϭ 8) or hepatic devascularization ALF (N ϭ 8) procedure for 6 h. We measured plasma arginine, citrulline, ornithine levels; arginase activity, NO, and ADMA. Whole body metabolic rates and interorgan flux measurements were calculated using stable isotope-labeled amino acids. Plasma arginine decreased Ͼ85% of the basal level at t ϭ 6 h (P Ͻ 0.001), whereas citrulline and ornithine progressively increased in ALF (P Ͻ 0.001 and P Ͻ 0.001, vs. sham respectively). No difference was found between the groups in the whole body rate of appearance of arginine or NO. However, ALF showed a significant increase in de novo arginine synthesis (P Ͻ 0.05). Interorgan data showed citrulline net intestinal production and renal consumption that was related to net renal production of arginine and ornithine. Both plasma arginase activity and plasma ADMA levels significantly increased in ALF (P Ͻ 0.001). In this model of early-phase ALF, arginine deficiency or higher ADMA levels do not limit whole body NO production. Arginine deficiency is caused by arginase-related arginine clearance in which arginine production is stimulated de novo.
arginine; asymmetric dimethylarginine; arginase ACUTE LIVER FAILURE (ALF) is characterized by sudden and severe liver dysfunction with rapid progression to coagulopathy, encephalopathy, and multiorgan failure. Without liver transplantation, mortality from ALF is about 50% (4) . A hallmark of ALF is the presentation of systemic hypotension and a hyperdynamic circulation (39) . This is associated with increased guanylate cyclase (GC) activation by nitric oxide (NO) (33) , which converts guanidine triphosphate to cyclic guanidine monophosphate and is thought to cause the vasodilatation seen in ALF (34) . Previously, we have reported the characteristics of the same devascularized porcine liver model of ALF, which was shown to have a hyperdynamic circulation as evidenced by a high cardiac output and low mean arterial pressure and systemic vascular resistance (50) . However, in this hyperacute model of ALF, no significant changes in the metabolites of NO were observed. Indeed, the kinetics of NO in this model and whether it is involved in the initiation of the vasodilation of ALF remain unknown.
L-Arginine has several important biological functions (2, 3, 5) , one of which is to be the nitrogen-donating substrate for endothelial NO synthase (eNOS) to produce NO and citrulline in stoichiometric quantities (31) . The plasma concentration of arginine is believed to be the rate-limiting factor in its synthesis (1) . In ALF, plasma concentrations of L-arginine have been measured, but the results are contradictory with some studies suggesting that the levels remain the same (38) and others showing a reduction (45) or an increase (6, 7) .
Other regulators that may influence the amount of NO generated in ALF are the concentrations of the endogenous NOS inhibitor asymmetric dimethyl arginine (ADMA) (6) and levels of plasma arginase activity (11) . In a previous study, we have shown that ADMA levels were higher in patients with ALF and that the increase was associated with worse outcome (27) . Similarly, an increase in the level of plasma arginase, released during hepatic stresses (8) , can reduce the amount of available arginine, preventing eNOS-mediated NO synthesis. Both these observations can relate to a reduced NO production.
It is still unclear as to the exact mechanism of the vascular derangement in the initiation of vasodilation in ALF. Our group has previously described the classical hyperdynamic circulation and reduced systemic vascular resistance, along with hepatic encephalopathy, high intracranial pressure, and coagulopathy in a devascularized porcine model of ALF, which is ideal to study the initiation of metabolic disturbances in relation to hemodynamic changes (49) . The aim of the study was to evaluate the evolution of disturbances in NO metabolism in relation to its regulators, L-arginine, ADMA, and arginase, in the first 6 h of ALF using stable isotope technology.
MATERIALS AND METHODS
Study outline. The Norwegian Experimental Animal Board approved the present study. Sixteen female Landrace pigs (23-30 kg) were randomly allocated into Sham-operated control or ALF groups. Study outline is shown in Fig. 1 . Blood and urine sampling was performed 30 -45 min after creation of the portacaval shunt (PCS) or completion of Sham surgery (t ϭ 0 h). ALF was induced by hepatic artery ligation (t ϭ 0 h) immediately after completion of the sampling procedures. The experiments were terminated with an overdose of pentobarbital sodium and potassium chloride at t ϭ 6 h.
Animal preparation and surgery. The pigs were kept in the animal department for at least 2 days before the experiments. Details regarding the animal room facilities, anesthesia, and surgical preparation have been previously reported (47) (48) (49) . Briefly, the pigs underwent a tracheotomy, were intubated, and ventilated on a volume-controlled respirator (Servo 900; Elema-Schnander, Stockholm, Sweden). Ventilation was not altered after t ϭ 0 h. Core body temperature was maintained normothermic at 38.5 Ϯ 1°C with a heating pad and blankets. All animals received 500 ml of 0.9% NaCl containing 625 mg of glucose as a preoperative load to prevent dehydration. During the experiment, 0.9% NaCl was infused at a rate of 3 ml/kg per h. 0.9% NaCl, 50% glucose, and 20% human albumin (Octapharm, Hurdal, Norway) was infused continuously at the rate of 3 ml kg per h, 0.6048 ml/kg per h, and 0.66 ml/kg per h, respectively. Sham animals were given half the amount of glucose to make the glucose levels comparable between the groups. Anesthesia was stopped in the ALF group after the liver was devascularized although, if the degree of sedation became insufficient, small doses of fentanyl and midazolam were given as a bolus. Sham-operated animals received continuous anesthesia during the experimental period and received equal amounts of intravenous fluids. ALF was induced with an end-to-side PCS followed by ligation of the hepatic arteries. Details of the surgery, including the Sham-operation procedure, have been described elsewhere (48, 49) .
Positioning of catheters, flow probes, sampling, and analytical procedures. Catheters, combining our previously described approach in mice (17) and pigs (37) , were inserted in the abdominal aorta, renal vein, portal vein, and femoral vein for arterial and venous acrossorgan blood sampling. A 16-G central venous catheter (Secalon T; Ohmeda, Swindon, UK) was introduced into the left external jugular vein for administration of drugs and fluids. p-Amminohippuric acid (PAH; 25 mM; A1422; Sigma, St. Louis, MO) was infused at a rate of 30 ml/h through this catheter after an initial bolus of 6 ml (37). Portal and femoral blood flows were measured by the use of perivascular ultrasonic transit time flow probes (CardioMed Systems; Medistim A/S, Oslo, Norway). A 5-Fr Edwards Swan-Ganz catheter (Baxter Healthcare, Irvine, CA) was floated into the pulmonary artery via the right external jugular vein. The urine bladder was drained via a cystotomy. Blood and urine samples were collected on ice at the times for measurement of blood flow and processed as described previously (10) . Tissue samples were freeze clamped with Wollenberger tongs cooled in liquid nitrogen (17) and frozen at Ϫ80°C. Ammonia, urea, and PAH concentrations were determined spectrophotometrically (10) . Amino acids concentrations were determined using HPLC (20) .
The use of stable amino acid isotopes. A venous blood sample was drawn for the measurement of the natural abundance of plasma amino acids in each subject, before the start of the stable isotope primedcontinuous infusion protocol. (41) . Plasma enrichments of amino acid isotopes were determined by measuring the ratio of the amino acid stable isotope/ amino acid (tracer/tracee ratio) with a liquid chromatography mass spectrometry method (42) .
Plasma ADMA was measured as described previously (26) using fragmentation-specific stable isotope dilution electrospray mass spectrometry-mass spectrometry. Samples were deproteinized with acetonitrile containing 2 H6-ADMA, chromatographed (acetonitrile:water, 1:1; with 0.025% formic acid) on a Teicoplanin guard column 10-mm ϫ 2.1 mm inner diameter (Chirobiotic T; ASTEC, Congleton, UK), and analyzed using a SCIEX API4000 (Applied Biosystems, Warrington, UK) in positive-ion multiple-reaction-monitoring mode.
Calculations. Plasma flow rate (ml/kg body wt per min) of the kidneys was calculated using the formulae based on the method of indicator dilution and Fick's principle (10, 30) . The PAH-determined blood flow and data from the perivascular blood flow probes were converted to plasma flow using the hematocrit. Substrate fluxes across organs were calculated as the venous-arterial concentration difference multiplied by the plasma flow. Positive values reflect substrate release, and negative fluxes reflect substrate uptake. Kidney and hind leg data are multiplied by two to reflect both organs. The flux of amino acid across the leg represented flux across a muscle compartment with defined arterial and venous sampling. Plasma arginase activity was assessed by colorimetric assay (8) . Whole body rate of appearances of amino acids were calculated by the continuous stable amino acid isotope infusion rate divided by the arterial plasma enrichment of that isotope (44) .
Whole body rate of appearances of NO was determined with the flux of plasma L-arginine to L-citrulline-stable isotopes as described previously (41) . Whole body rate of appearance of de novo arginine was determined with the flux of plasma L-citrulline to L-argininestable isotopes as described previously (32) .
Whole body arginine clearance is defined as the amount of arginine that is cleared each minute from arginine and was calculated by whole body rate of appearance of arginine divided by the arterial arginine concentration (23) .
Statistics. Data are expressed as means Ϯ SE. Significance of difference between groups was tested with Student's t-test or the MannWhitney comparisons test for nonparametric data as appropriate. Continuous data sets were compared using two-way ANOVA; P Ͻ 0.05 was taken to be statistically significant. Software used included Microsoft Excel 2007 (Microsoft, Redmond, WA) and GraphPad Prism 4.0 (GraphPad Software, San Diego, CA).
RESULTS

Whole body rate of appearance of NO in ALF.
The whole body rate of appearance of NO at the time of PCS or after ALF induction was not significantly different between the two groups. There was no significant change in the whole body rate of appearance of NO between the Sham-operated and ALF groups throughout the experimental period (Fig. 2) .
L-arginine, citrulline, and glutamine metabolism. Arterial arginine concentration was not significantly different from the basal level after the creation of the PCS and at induction of ALF but was reduced significantly (P Ͻ 0.001) at 2 h and continued to decrease until end of the experimental period compared with the Sham group, in which no significant change was observed (Fig. 3A) . Citrulline concentration was not significantly different between Sham and ALF pigs after creation of PCS; however, the level significantly increased (P Ͻ 0.01) after the induction of ALF, and it continued to increase throughout the experimental period (P Ͻ 0.001) compared with the Sham group, in which no significant changes were observed (Fig. 3B ). Glutamine concentration was not different from the Sham-operated group after induction of PCS (Sham 547 Ϯ 45 M, ALF 623 Ϯ 57 M at t ϭ 0) but increased significantly after ALF induction (P Ͻ 0.05) and continued to increase significantly till the end of the experiment (P Ͻ 0.001), as shown and discussed in a previous paper by our group (51) .
Interorgan metabolism of L-arginine and citrulline. The effect of PCS and ALF on muscle metabolism is shown in Table 1 , which shows the net flux across the muscle. Glutamine was released from the leg muscle throughout the experimental period, increasing nonsignificantly at 2 h after the induction of ALF, which was not observed in the Sham group (51) . There is no significant uptake or release of citrulline or arginine from the muscle.
The effect of PCS and ALF on portal-derived viscera (PDV) metabolism was determined. Glutamine was taken up by the PDV throughout the experimental period in both the PCS and ALF groups (51) . Citrulline was released from the PDV at the point of creation of the PCS, and the release significantly increased in the ALF animals compared with the Sham animals (P Ͻ 0.05). There were no significant differences in net fluxes of arginine in the PDV ( Table 2) .
The effect of PCS and ALF on renal metabolism was also determined. Citrulline was taken up by the kidney after the creation of the PCS, and the uptake increased significantly compared with the Sham-operated group (P ϭ 0.05). Arginine was released from the kidney after the induction of ALF, and the release remained significantly higher compared with the Sham animals (P Ͻ 0.0001) for the remainder of the study period. There was no significant change in the metabolism of glutamine (51) ( Table 3) . Whole body rate of appearance of arginine and de novo arginine in ALF. The whole body rate of appearance of arginine showed no difference between the Sham and ALF groups at the point of creation of the PCS. There was also no significant difference observed between the Sham and ALF group in the whole body appearance of arginine throughout the experimental period (Fig. 4A) . The whole body rate of appearance of de novo arginine was nonsignificantly different between the two groups at the point of creation of the PCS. The rate of appearance of arginine increased nonsignificantly in the ALF group compared with the Sham-operated group through the period of experimentation although it showed a significant increase in production in the ALF group at the end of the experiment compared with the Sham group (P Ͻ 0.05, Fig.  4B ). There was a significant difference in the clearance of arginine between the Sham and the ALF pigs, wherein the ALF pigs showed a significantly increased arginine clearance at the end of the experiment compared with the Sham and the levels of clearance remained constant throughout the experimental period (P Ͻ 0.001, Fig. 4C) .
Plasma arginase activity. Ornithine concentration was not different between Sham and ALF groups at the creation of PCS, but the arterial concentration of ornithine increased after induction of ALF and continued to increase throughout the duration of the experiment to a significant level (P Ͻ 0.001 at 6 h) compared with the Sham-operated animals (Fig. 5A ) in which no significant changes were observed. The plasma arginase activity was equal in the two groups at the point of PCS and the induction of ALF. The plasma arginase activity increased through the course of the experiment and, at the end of the experiment, was significantly increased (P Ͻ 0.001, Fig.  5B ) in the ALF group compared with the Sham-operated group.
Plasma arterial ADMA. The arterial ADMA concentration was not significantly different between the two groups after the creation of the PCS. The ADMA levels remained constant in the Sham group through the course of the experiment. However, after the induction of ALF, the arterial concentrations of ADMA were increased at 2 h and continued to be significantly elevated throughout the remainder of the study period (P Ͻ 0.001, Fig. 6 ). The normal values of L-arginine to ADMA ratio is about 100:1 in healthy controls. However, in the setting of ALF, the L-arginine to ADMA ratio was markedly reduced (P Ͻ 0.001, Fig. 7 ).
DISCUSSION
The most important finding of this study was the observation that the rate of NO production was not significantly different between animals with ALF and Sham controls, indicating that NO is unlikely to be involved in initiating the vasodilation and hypotension observed in early ALF. These results are unexpected and may in part be explained by substantially reduced plasma arginine levels through the action of arginase. However, we also show that there is an increase in de novo arginine synthesis, resulting in only a relative arginine deficiency, although there appears to be insufficient capacity in this mechanism to restore normal levels. In relation to ADMA, the significant elevation seen in ALF plasma is likely to reflect the impairment of hepatic ADMA metabolism and/or its increased generation. Given the devascularized liver in this model, the significance of higher arterial ADMA values compared with sham are likely to reflect the spillover of an increased capacity to compete with arginine at tissue level, in turn limiting the generation of NO. It is also possible that the site of NO production within the endothelial cells is unaffected by the reduction in plasma arginine. Furthermore, our findings of no significant change in rate of NO production are still compatible with other studies in ALF that have observed changes in activity of guanylate cyclase (33, 34) . We and others have shown that the activation of guanylate cyclase can be independent of NO (9, 21) and that guanylate cyclase activation itself may be altered in the context of liver injury. This experimental model of hyperacute ALF has been well characterized (49) . The ability to infuse relevant amino acids with stable isotope labels to measure the conversion of arginine to citrulline as a surrogate for NO production was employed in this model to evaluate the role of NO in initiating the hemodynamic disturbances, which is not possible to do in a clinical setting, as patients will invariably present late in the course of the condition. These findings lead us to speculate that there may be some other mechanism involved in the pathophysiology of the vascular abnormality seen in the onset of ALF as seen in patients (39) and also this model (50) . This result is in contrast to other published articles where increases in the metabolites of NO were described (34) . The human studies were performed when ALF was already manifest, and the condition is invariably associated with systemic inflammation. The present study focused on evaluating the role of NO in initiating hemodynamic disturbances and was founded on prior evaluation of this model where no clear evidence could be shown for systemic inflammation. Thus the changes observed can be considered to occur more on a background of metabolic dysfunction, as demonstrated by hyperammonemia, hyperlactatemia, and derangements in glycolysis previously described in this model. (35) .
The sole nitrogen-donating substrate for the synthesis of NO is L-arginine. Arginine is oxidized to NO and citrulline by the enzyme NOS. In the setting of ALF, plasma arginine levels have been found to be lower than those in healthy animals. This finding was described in the early description of this devascularized porcine model of acute liver failure, wherein they also found that the concentrations of citrulline and ornithine were increased (24) . In septic patients, low arginine levels (16, 25) have also been observed, which is associated with poor outcome. Arginine clearance was found to progressively increase over the duration of the study (Fig. 4C) . Although the whole body rate of appearance of arginine was unchanged, the reduction in the plasma levels was significant. This increased clearance rate most likely provided stimulation for the observed de novo synthesis of arginine via the intestinal-renal axis; however, the amount generated during the experimental period was insufficient to restore normal plasma levels. The mechanism of the increased de novo synthesis of There is a significant increase in the plasma ornithine levels with a corresponding significant increase in the plasma arginase activity at the end of the experimental period (***P Ͻ 0.001, 2-way ANOVA). Data shown are means Ϯ SE. L-arginine is revealed from the interorgan experiments. The increased glutamine that was released from the muscle was taken up by the PDV (gut), where it was converted to citrulline. This citrulline was converted stoichiometrically to arginine in the kidney. It is important to acknowledge that there are limitations to this hyperacute model of ALF in that the experimental duration is over 6 h and occurs in a devascularized liver. The findings, while questioning the exclusive role of NO in modulating the hyperdynamic circulation in ALF, do need further testing in other ALF model systems.
A second important observation was the finding of increased plasma levels of ornithine. The increase in ornithine and the simultaneous reduction in arginine indicate that there is an increase in arginase activity, which was found to be markedly increased in the ALF animals. Arginase I is a cytosolic enzyme that forms a part of the urea cycle and is predominantly present in the liver (43); arginase II is a mitochondrial protein found most abundantly in the kidney (28) . Other studies have also found arginase to be present in the plasma following liver injury (12, 13) . In this model of hepatic arterial devascularization, the hepatic vein, and hence venous drainage from the liver, remains intact. It is likely that the arginase that was found in the plasma is derived from the breakdown of and leakage from hepatocytes and enters the systemic circulation due to a small amount of residual collateral venous drainage from the liver post-PCS surgery and hepatic artery ligation. Although the major blood supply routes to the liver are removed, there still remains a small but significant contribution from collateral vessels above the section point of the portal vein (18) . Although we propose that the majority of the measured arginase activity derives from the liver, the kidney and other vasculature may undertake a substantial role in the production and release of arginase. The mechanism of reduction in arginine may be related to this increase in arginase activity, which is known to regulate the bioavailability of arginine. This inference can be drawn from genetic studies wherein it has been shown that arginase I deficiency leads to hyperargininemia in both humans and mice (19, 52) . Similarly, a deficiency of arginase II also leads to a twofold increase in the level of arginine (36) . Apart from these mechanisms, the arginase-mediated depletion of arginine may also inhibit the expression of inducible NOS by repressing the translation and stability of the inducible NOS protein (14, 22) .
Furthermore, the significantly increased ADMA levels also provide a possible mechanism for an impaired production of NO in this model of ALF. ADMA, an endogenous inhibitor of NOS, is synthesized by the action of protein arginine methyl transferase on arginine residues of nuclear proteins. ADMA is released following proteolysis, and most of the freely circulating ADMA is metabolized by dimethylarginine dimethylaminohydrolase, which occurs mostly in the liver (29) but can also occur in other organs such as the kidney (46) . Data from this model study have previously been described and shown to have renal dysfunction and changes in vascular dynamics as part of the developing multiple organ dysfunction syndrome (50) . Renal dysfunction, particularly in the context of reno-vascular hypertension, has been described as being associated with higher than normal range values of ADMA (40) . Plasma ADMA levels have been shown to be markedly increased in ALF, and its levels correlate with severity of liver failure and the presence of added inflammation and are significantly higher than the levels described in renal disease, which would support the assertion that the ADMA levels in these models are primarily impacted on by hepatic impairment (15, 27) . As ADMA is a competitive inhibitor of the NOS-arginine binding site, lowering the arginine to ADMA ratio may directly result in a reduction in NOS activity. In our study, an increase in plasma ADMA level and a reduction of the arginine to ADMA ratio were observed. This suggests that the lack of increase in NO production that was observed in the ALF group may be attributable to the reduction in eNOS activity in the presence of an elevated ADMA and low arginine plasma levels. This is further compounded by the fact that high arginase also plays its part in reducing the eNOS activity and arginine levels.
In conclusion, this study shows for the first time that, during the initiation of ALF, NO may not play a significant role in mediating the hemodynamic disturbances. This lack of augmentation in the production of NO may be due to a relative reduction in L-arginine concentration despite increased de novo production, through the action of arginase and a reduction in its effect on NOS by the relative increase in the levels of its competitive antagonist, ADMA. 
